The accuracy of secondary-electron emission coefficients, that are used as input data of discharge models, seriously influences the calculated discharge characteristics. As it is very difficult to consider all possible electron emission processes of a cold cathode separately, in most of the recent models an apparent secondary coefficient ␥ is applied, which is often assumed to be constant, even for a wide range of discharge conditions. In contrast with this common assumption, the present calculations-based on a heavy-particle hybrid modelshow that in abnormal glow discharges ␥ varies considerably with changing discharge conditions: a factor of 3 change of ␥ has been found in the range of reduced current densities (0.04 mA cm Ϫ2 Torr Ϫ2 р j/p 2 р4 mA cm Ϫ2 Torr Ϫ2 ) covered in this study. The present simulations also confirm that ionization by heavy particles plays a significant role in the ion production at the abnormal cathode fall. Moreover, it is shown, that the fast heavy particles reflected from the cathode surface play the dominant role in the gas heating.
I. INTRODUCTION
In the last decade a better understanding of the operation of low-pressure dc glow discharges was achieved by the development of complex numerical models. Using fluid and ''electron-ion'' hybrid models-that combine fluid description of slow electrons and ions with particle simulation of fast electrons-several discharge characteristics ͑e.g., voltage-current curves, electric field distribution, charged particle densities͒ were calculated in a self-consistent way for various discharge configurations ͓1-6͔. Additional information about cathode sputtering, gas heating, and heavyparticle excitation of spectral lines was also obtained with ''heavy-particle'' hybrid models that include the simulation of the motion and the collisions of heavy particles ͑typically ions and fast neutrals͒ ͓7-13͔.
The basic input data set of hybrid models consists of collision cross sections, mobility and diffusion coefficients, as well as the operating conditions of the discharge ͑electrode geometry, pressure, voltage͒. To calculate the voltage-current density (VϪ j) characteristics of the discharges it is also necessary to prescribe the ratio of the electron ( j Ϫ ) to ion ( j ϩ ) current density at the cathode surface, i.e., an apparent secondary-electron emission coefficient:
͑1͒
The several possible electron emission mechanisms ͑due to the impact of ions, fast atoms, metastable atoms, and ultraviolet photons͒ are usually not treated separately in most discharge models. Thus the apparent ␥ has to include the effect of all the relevant mechanisms as accurately as possible, since the calculated discharge characteristics sensitively depend on the value of ␥, see, e.g. ͓14͔. As an alternative technique, when the electrical characteristics are known from an experiment, ␥ can be adjusted to reach agreement between the calculated V-j curves of the discharge and the experimental data ͓15͔. While discharge models have been getting more and more complex in the last years, some of the studies pay marginal attention to the issues related to the secondary-electron emission coefficient͑s͒. In some of the recent papers reporting on sophisticated modeling studies the used value of ␥ is not even communicated.
For the case of homogeneous electric field ''effective'' electron yield values including the effect of all surface and gas-phase charge-creating processes became recently available ͓16 -19͔. However, while these effective yield data ͑given as a function of reduced electric field E/n) characterize well discharges with uniform electric field, they are not directly applicable for the simulation of discharges with well-developed cathode fall ͓20͔.
The primary aim of this paper is to present self-consistent calculations of the apparent ␥ for cathode-fall conditions in abnormal argon glow discharges, with ''practical'' copper cathode surfaces. The apparent ␥ for the cathode-fall region is analogous to the effective yield data for homogeneous field. The present calculations of ␥ are based on a heavyparticle hybrid model, which makes it possible to determine the flux-energy distributions of heavy particles in the cathode sheath. From these distributions ␥ can readily be obtained using published values of the energy-dependent electron yield of Ar ϩ ions and fast Ar atoms ͓16͔. For the range of discharge conditions covered in this study, secondaryelectron emission due to these two types of particles is dominant. The effect of argon metastables is expected to be at least an order of magnitude less important ͓16͔. Besides the self-consistent calculation of ␥, the dependence of the calculated V-j characteristics of the discharge on different modeling assumptions ͑constant/variable ␥, effect of gas-phase heavy-particle processes, and gas heating͒ is also examined. Section II describes the modeling network, its assumptions and input data, as well as the interfacing of the submodels. The results are presented and discussed in Sec. III, while Sec. IV summarizes the work.
II. DISCHARGE MODEL
The one-dimensional heavy-particle hybrid model consists of ͑i͒ a two-component fluid code for Ar ϩ ions and slow electrons, ͑ii͒ Monte Carlo simulation modules for fast electrons ͑in order to obtain an accurate ionization source function͒, argon ions Ar ϩ and fast neutral atoms Ar f ͑in order to obtain the fluxes and energy distributions of these species at the cathode surface͒, and ͑iii͒ an additional module for the calculation of the gas temperature distribution in the discharge gap.
Molecular ion formation and recombination processes, as well as the backscattering of electrons from the anode are neglected in the model. The electrodes are assumed to be parallel, infinite planes, separated by a distance L. Cathode sputtering is not taken into account due to the relatively low values of the reduced current density.
The principal variables of the fluid model are the positive ion and slow electron densities, n i (x) and n e (x), respectively, and the electrostatic potential V(x). These variables can be calculated self-consistently from the continuity and momentum transfer equations for the charged species, and from the Poisson equation ͑e.g. ͓3-5͔͒ ions, the mobility is taken from ͓16͔ and D i is set to result D i / i ϭ0.026 eVϭkT g ͑at a gas temperature T g ϭ300 K).
At the solution of the above set of equations the source functions of ions and electrons are needed as input data. In a ''pure'' fluid approach the source functions are calculated using the ''local-field'' assumption:
where n is the gas density, ␣ i is the first Townsend coefficient, and e is the electron flux. As the large electric field gradients near the cathode induce nonequilibrium transport of particles, the ionization source function can be more accurately obtained from Monte Carlo ͑MC͒ simulation of the fast electrons ͓22͔. The electrons, that have lost their energy in the negative glow and are no longer able to produce any additional ionization, are transferred from the MC simulation to the slow electron group in the fluid model ͑see e.g. ͓3-6͔͒. In order to obtain accurate energy distributions of heavy particles, their motion is traced by Monte Carlo simulation in the cathode sheath, similar to the case of fast electrons.
The elementary processes considered in the Monte Carlo submodels for electrons, positive ions and fast atoms include elastic scattering of the projectiles, as well as excitation and ionization of Ar atoms by the projectiles. The cross sections of the elementary processes-taken from Phelps ͓23-25͔-are reproduced in Fig. 1͑a͒ .
The scattering of electrons in elastic momentum transfer and excitation collisions is assumed to be isotropic. In the case of electron impact ionization, the energies of the scattered and ejected electrons, and the directions of their velocity vectors are calculated in accordance with the procedures described in Refs. ͓26 -28͔.
The cross section of the isotropic part of the elastic Ar 
In isotropic collisions the scattering and azimuth angles are chosen to reflect isotropic scattering in the center-of-mass ͑c.m.͒ system. The energy sharing of the collision partners is determined from the scattering angles, see, e.g. ͓7͔. In charge transfer collisions the resulting fast atom keeps the velocity of the incoming ion and the ''new'' ion is assumed to start from rest. The cross section of the elastic Ar f ϩAr collision in isotropic approximation is Q i a ϭ(3/2)Q v , where Q v is the viscosity cross section ͓23͔. The calculation of scattering angles and energy sharing is carried out in the same way as in the case of Ar ϩ ϩAr collisions. The scattering of particles in inelastic heavy-particle collisions is assumed to be isotropic in the c.m. system.
The charge and momentum transfer collisions of heavy particles create fast argon atoms that play a dominant role in the heating of the gas and in the sputtering of the cathode ͓29͔. In the Monte Carlo modules the ions and fast atoms are traced until they reach the cathode surface or-in the case of fast atoms-until their energy falls below a threshold energy ( th , see later͒ when they can be considered thermalized. This way the energy of each fast atom and positive ion can be calculated upon arrival to the cathode surface. Besides the ions created in the cathode sheath, the flux of ions arriving from the negative glow is also taken into account.
Let N i and N a denote the number of ions and fast atoms arriving to the cathode due to the emission of N 0 primary electrons from the cathode. In stationary state, these ions and fast atoms have to induce the emission of N 0 ''new'' electrons from the cathode, in order to ensure that the discharge is self-sustained, i.e.,
must hold, where ␥ i () and ␥ a () are the energy-dependent secondary-electron yields ͑probabilities of the emission of an electron from the cathode due to the impact of a positive ion or a fast atom͒ and k is the energy of the kth ion or atom. The ratio of the electron to the ion current density at the cathode ͑being itself the apparent ␥) equals to the ratio N 0 /N i , which gives a way to determine ␥:
In the simulations presented here the ␥ a () and ␥ i () data are taken from Phelps and Petrović ͓16͔, and are shown in Fig. 1͑b͒ . The data characterize ''practical'' or ''dirty'' cathode surfaces. The electron yields of such surfaces can be significantly different compared to those obtained in ion beam experiments with heavily sputtered samples in ultrahigh vacuum environment.
After completing the Monte Carlo simulation of fast electrons, ions and fast atoms, the source functions of ions and slow electrons are normalized:
where j is the current density calculated in the previous fluid cycle, and N x is the number of ions ͑slow electrons͒ created in the slab of width ⌬x around x due to the emission of N 0 primary electrons from the cathode. The gas temperature distribution T g (x) is calculated similarly to the manner described by Revel et al. ͓11͔ . The heat conductivity equation
where P(x) is the gas heating source term and ϭ0.0177 W m Ϫ1 K Ϫ1 , is the thermal conductivity of argon gas, is solved with the following boundary conditions ͓11͔: ͑1͒ fixed anode temperature, T a ϭT g (xϭL)ϭ300 K, is used and ͑2͒ specified temperature gradient in front of the cathode,
is assumed, where ␣ is the thermal accommodation coefficient, C p is the specific heat of the gas at constant pressure, m p , n s and v s are the mass, the density, and the average thermal velocity of Ar atoms in front of the cathode, respectively, and ⌬T s is the ''temperature jump'' at the cathode surface, i.e., the difference of the cathode temperature T c and the gas temperature in front of the cathode T s . The thermal accommodation coefficient ␣ describes the extent of energy exchange between the cathode and the slow particles colliding with it. At ␣ϭ1 the backscattered particles attain the temperature of the cathode, while at ␣ϭ0 no energy exchange occurs during reflection. For the interaction FIG. 1. ͑a͒ Cross sections of elementary processes used in the heavy-particle model ͓23-25͔. The solid lines ͑-͒ indicate electron collisions ͑1: elastic, 2: excitation, 3: ionization͒, the dashed lines ͑---͒ indicate Ar ϩ cross sections ͑4: isotropic part of elastic scattering, 5: backward elastic scattering, 6: excitation, 7: ionization͒, and the dotted lines (•••) indicate fast Ar atom cross sections ͑8: isotropic elastic scattering, 9: excitation, 10: ionization͒. ͑b͒ Energy dependence of secondary-electron yield due to Ar ϩ and Ar f impact onto ''dirty'' copper surface ͓16͔. ͑c͒ Fractional energy loss of heavy particles bombarding a copper cathode surface. The thin line and the solid circles indicate the experimental data of Refs. ͓30,31͔, the heavy line shows the data assumed in the model. of fast particles ͑that can have energy up to several hundred eV s in the cathode sheath͒ with the cathode surface different assumptions are used in the modeling literature. In the present model it is assumed that the particles are reflected from the cathode with a fraction of their kinetic energy. The investigations of Winters et al. ͓30͔ and Coufal et al. ͓31͔ for different gas ͑atom and ion͒ ϩ metal combinations indicate that the fraction of kinetic energy deposited to the cathode increases with the kinetic energy of incoming particles. For argon ions and atoms falling onto a copper surface, only relatively high-energy data (у100 eV) are available. In the present model the data for Ar ϩ Pt are used for lower energies, scaled up by ϩ20% to fit the higher-energy Ar ϩCu data at 100 eV, see Fig. 1͑c͒ . Since the fractional energy deposited to the cathode increases with increasing projectile energy, the energy of the reflected particles is rather limited, as it was already pointed out in ͓32͔. Nevertheless, the present study indicates ͑see later͒ that the reflected particles ͑fast atoms and fast neutralized ions͒ make significant contribution to the heating of the gas, thus their effect cannot be neglected.
The gas heating term P(x)-arising from the thermalization of fast heavy particles-is calculated according to the procedures described by Bogaerts et al. ͓12͔ . The threshold energy, at which a particle is considered to be thermalized, is chosen to be nine times the average thermal energy of argon atoms, th ϭ9ϫ(3/2)kT g (x) .
At the solution of the set of fluid equations ͑2͒-͑6͒ and the heat-conductivity equation the computational grid has a resolution ⌬xϭL/300. To obtain the self-consistent solution for a given set of discharge conditions the submodels are run iteratively until the stationary state is reached. Most of the results presented in the forthcoming section are obtained with the ''full'' model. However, some results are also shown, that were obtained neglecting gas-phase heavyparticle processes or gas heating in the calculations. The effect of local-field ionization assumption ͓Eq. ͑7͔͒ is also demonstrated.
III. RESULTS
The voltage-reduced-current-density ( j/p 2 ) curves of the argon glow discharge at ͑pressure͒ϫ͑electrode separation values͒ pLϭ0.5 Torr cm, 1 Torr cm, and 1.5 Torr cm, calculated with the heavy-particle model are plotted in Fig. 2͑a͒ . The data are obtained at fixed gas pressure (pϭ1 Torr) and different electrode separations. In the range of pL values studied the cathode sheath ͑cathode dark space͒ and negative glow parts of the discharge exist between the electrodes. The length of the cathode sheath ranges between dϭ0.1 cm and 0.4 cm, depending on the current density. The rest of the discharge gap is filled by the negative glow. As it can be seen in Fig. 2͑a͒ , the discharge voltage depends on pL, a decreasing pL value results in an increasing discharge voltage. At further reduced pL-when the negative glow is getting suppressed-the obstructed discharge mode would be established ͓33,34͔. It can also be seen in Fig. 2͑a͒ that the discharge voltage tends to saturate with increasing j/p 2 , especially at higher pL. Above j/p 2 Ϸ4 mA cm Ϫ2 Torr Ϫ2 a slight negative slope appears for the two highest values of pL. This behavior is caused by the increase of ␥ i () and ␥ a () with increasing particle energy, see Fig. 1͑b͒ . ͑The energy of particles rises with increasing current density that results in a shortened cathode sheath.͒ Two sets of experimental data are also plotted in Fig. 2͑a͒ . The voltage-current density data of Rózsa et al. ͓35͔ were obtained with a 43-mm diameter copper cathode mounted in a six-way metal cross that itself served as the anode. Thus no definite pL value can be assigned to this experiment. In the experiment of Stefanović and Petrović plane-parallel, 54-mm diameter electrodes were used, and the electrical characteristics were measured for different pL values ͓36͔. Their data shown in Fig. 2͑a͒ were obtained at pLϭ0.5 Torr cm. The results of the present calculations are in very good agreement ͑within 10 V͒ with this second set of experimental data, for the range of j/ p 2 covered in the experiment. The VϪ j/ p 2 curve obtained by Rózsa et al. exhibits a steeper slope compared with the results of the present calculations. The slightly lower voltage than the one calculated at pL ϭ1 -1.5 Torr cm may be due to the large cathode-anode distance in this experiment. At high currents, on the other hand, the heating of the cathode may be the cause of the increased voltage.
FIG. 2. Voltage-reduced current density characteristics of Ar discharges ͑a͒ obtained from the one-dimensional heavy-particle hybrid model for different pL values, and experimental data from the literature: --ϫ --͓35͔ and --* --͓36͔. ͑b͒ results of the heavy particle model at pLϭ1 Torr cm, with and without gas heating taken into account.
The increased temperature of the cathode surface could easily be included in the model, but because of the lack of experimental data this advantageous feature of the model is not used. Therefore the cathode temperature is assumed to be T c ϭ300 K throughout the calculations. It has to be mentioned, too, that in the range of currents where gas heating effects and the increased cathode temperature become important, the electrical characteristics of the discharge are expected to depend on the experimental conditions ͑steady-state or pulsed discharge, cooling of the cathode͒.
In usual experiments the increasing cathode temperature and/or the radial diffusion loss of charged particles compensates for the saturation/negative slope of the calculated V-j/p 2 curves at high current densities. In fact, when the gas temperature is kept at T g ϭ300 K in the calculations, a slight negative slope is already observed in the j/p 2 у1 mA cm Ϫ2 Torr Ϫ2 range of reduced current density. This is illustrated in Fig. 2͑b͒ where the V-j/p 2 curve is plotted for pLϭ1 Torr cm, with and without gas heating taken into account. Apart from avoiding the negative slope, the gas heating only slightly affects the electrical characteristics of the discharge.
The results of the calculations show that the apparent secondary coefficient ␥ calculated from the flux-energy distribution of heavy particles ͓Eq. ͑9͔͒ can be well approximated as a function of the reduced electric field at the cathode surface (E/n) c , regardless of the value of pL, see Fig. 3 . Considering all values of pL, the data can be approximated in the 3 kTd р(E/n) c р20 kTd range (1 Tdϭ10 Ϫ21 Vm 2 ) by:
␥ϭ0.01͑E/n͒ c 0.6 . ͑13͒
The fact that ␥ changes by a factor of 3 in the range of (E/n) c studied ͑corresponding to 0.04 mA cm Ϫ2 Torr Ϫ2 р j р4 mA cm Ϫ2 Torr Ϫ2 ) shows that it would be more appropriate to calculate ␥ in discharge models rather than using any constant value for it.
The (E/n)-dependent effective electron yield data ͓16͔ for homogeneous field are also plotted in Fig. 3 . At reduced fields E/nϷ3 -4 kTd the apparent ␥ for the cathode fall is near the effective ␥ value characterizing a homogeneous field distribution. Under such conditions the cathode fall is relatively long and the gradient of the electric field is relatively small. Consequently the motion of ions and fast atoms is expected to follow the local value of E/n to a reasonable extent. At increased E/n, however, the apparent ␥ obtained for the cathode fall is well below the effective yield data obtained for homogeneous field, since the energy of heavy particles is lower in the ͑closely͒ linearly changing electric field with a peak value of (E/n) c , compared to that in a homogeneous field with E/nϭ(E/n) c . Figure 4 compares the V-j/p 2 curves calculated with the heavy-particle hybrid model and an electron-ion hybrid model ͑that neglects gas-phase heavy-particle processes͒, for pLϭ1 Torr cm and taking different assumptions for ␥. In the case of the heavy-particle model, besides the calculated ␥, the V-j/p 2 curve is also obtained using a fixed value (␥ ϭ0.06), while the electron-ion model is used with this fixed value of ␥ and with the apparent yield given by Eq. ͑13͒. The heavy-particle model with the constant ␥ assumption results in about 100 V lower discharge voltage at low currents, compared to the simulation with the calculated ␥. A similar difference between the V-j/ p 2 curves is found with the electron-ion hybrid model using ␥ϭ0.06 and taking ␥ from Eq. ͑13͒. The saturation of discharge voltage with increasing j/ p 2 is not observed when ␥ is kept constant ͑both in the electron-ion hybrid model and in the heavy-particle model͒. For comparison the V-j/p 2 curve calculated with a ''pure'' FIG. 3 . Apparent secondary-electron emission coefficient as a function of the reduced electric field at the cathode (E/n) c for different values of pL, and the effective electron yield data of Phelps and Petrović ͓16͔ for homogeneous electric field ͑---͒.
FIG. 4. ͑a͒ Comparison of V-j/p
2 curves obtained from the heavy-particle ͑H-P͒ and the electron-ion ͑E-I͒ hybrid models with different assumptions on ␥. The dashed line labeled F shows the characteristics obtained from a ''pure'' fluid model with ␥ ϭ 0.06. fluid model ͓assuming local-field ionization, Eq. ͑7͔͒ and using a constant ␥ϭ0.06 is also plotted in Fig. 4 . The results of this model significantly disagree with the results of both the electron-ion and the heavy-particle models.
The difference of the discharge voltage predicted by the electron-ion and heavy-particle models using the same ␥ is attributed to the effect of heavy-particle ionization: the Ar ϩ ϩAr and Ar f ϩAr collisions create additional charges lowering this way the discharge voltage needed to sustain a given current. This effect indicates that the apparent electron yield values obtained from the heavy-particle calculations are not directly applicable in electron-ion hybrid models. To obtain the same V-j/ p 2 curves as the ones resulted from the heavy-particle model, an increased emission coefficient ␥* has to be used in electron-ion models. The values of ␥* can be obtained by ''turning off'' gas-phase heavy-particle processes in the present model, and by adjusting ␥ to sustain the same current that has been obtained in the simulation including heavy particle processes.
The secondary coefficient ␥*-shown in Fig. 5 as a function of E/n at the cathode surface-is always higher than ␥. Unlike in the case of ␥, ␥* exhibits a dependence on the value of pL. This dependence is relatively weak until the discharge approaches the obstructed state, when some of the high-energy electrons reach the anode and get absorbed. This is indeed the situation at pLϭ0.5 Torr cm. In this case the share of heavy-particle ionization becomes more important as it always occurs near the cathode. Taking into account only the ␥* values obtained at pLϭ1 Torr cm and 1.5 Torr cm, a reasonable approximation for ␥* is given by ␥*ϭ0.008͑E/n͒ c 0.76 , ͑14͒
which is also valid in the 3 kTdр(E/n) c р20 kTd range. In the case of short gap discharges the use of a somewhat higher ␥* has to be considered. Figure 6 illustrates the contribution of electron impact and heavy-particle impact processes to the ionization and excitation of the gas. The discharge conditions are pϭ1 Torr, L ϭ1 cm, Vϭ312 V and jϭ3.1 mA cm Ϫ2 . The results indicate that the electron impact ionization/excitation plays the dominant role in the sustainment of ionization and in the creation of light emission from the discharge. Nevertheless, very near the cathode, the major part of excitation is caused by heavy particles, mainly by fast atoms. The overall ͑spa-tially integrated͒ contribution of heavy particles to the total ion production may seem negligible according to the data shown in Fig. 6͑a͒ . However, the ''extra'' electrons created in Ar ϩ ϩAr and Ar f ϩAr collisions are born very near the cathode and basically behave like primary electrons emitted from the cathode. The ionization caused by these electrons shows up as electron impact ionization rate in Fig. 6 . Neglecting these electrons, a significant reduction of the ionization rate FIG. 5 . Values of apparent secondary coefficient ␥* to be used in electron-ion hybrid models to obtain the same V-j/p 2 behavior as predicted by the heavy-particle model with ␥ calculated in the selfconsistent way. The dashed line shows a fit to the results of the heavy-particle model.
FIG
. 6. Contribution of electron/ion/fast atom impact processes to ͑a͒ ion production rate and ͑b͒ excitation rate. pϭ1 Torr, V ϭ310 V, jϭ3.1 mA cm Ϫ2 . The heavy line in ͑a͒ shows a decreased electron impact ionization rate due to neglection of gasphase heavy-particle processes. ͑Note that the graphs show only half of the discharge region.͒ is observed in the simulations, about Ϸ20% for the above set of discharge conditions. Such a difference in the ionization rate explains the deviation of the V-j/p 2 curves calculated from the electron-ion and heavy-particle models.
The flux-energy distribution of heavy particles is plotted in Fig. 7 , for pϭ1 Torr, Vϭ312 V and jϭ1.3 mA/cm 2 . The present results-in agreement with earlier studiesshow a high flux of fast atoms, compared to the flux of ions. Part of the ions present in the cathode-fall is created in the cathode fall, while a comparable number of ions flows there from the negative glow ͑from the region situated at the cathode side of the field-reversal plane ͓37͔͒.
The gas heating effect of the particles reflected from the cathode can be simply estimated by considering the ions flowing to the cathode sheath from the negative glow. These ions can be accelerated up to the energy corresponding to the full cathode-fall voltage. Due to the Ar ϩ ϩAr collisions, however, very few of them arrive to the cathode with this high energy-most of them deposit their energy to fast atoms. Nevertheless ͑if we neglect ionization by heavy particles͒ the total energy available to heat the gas by an ion entering the cathode fall region from the negative glow, corresponds to the cathode fall potential. For the discharge conditions pϭ1 Torr, Vϭ312 V and jϭ1.3 mA cm Ϫ2 , this deposited ͑heating͒ energy is found to be only 11 eV/ion ͑averaged over a high number of ions entering the cathode fall͒, and the rest of the energy is carried by the particles to the cathode (Ϸ300 eV). After reflection from the cathode ͑where most of the energy is absorbed͒ the particles still have Ϸ20 eV energy altogether. This amount of energy-which is about twice greater than the energy deposited by the ions and fast atoms on their way towards the cathode-is found to be entirely deposited into the gas.
The power input into the unit volume of the gas ͑heating term͒ has been calculated with and without considering the reflection of particles; the results are shown in Fig. 8͑a͒ , for pϭ1 Torr, Vϭ312 V, jϭ1.3 mA cm Ϫ2 discharge conditions. The gas temperature profile obtained at the same conditions is plotted in Fig. 8͑b͒ . It also shows a considerable difference as an effect of reflected heavy particles. The peak value of the temperature profile is shown in Fig. 8͑c͒ as a function of reduced current density ͑with reflected particles taken into account͒. The results indicate that in the current density range covered in this study the increase of the gas temperature is rather moderate (р20%). It is expected, however, to become important at higher current densities, since T peak increases rapidly with increasing j/ p 2 . These observations show that the heavy particles reflected from the cathode play a dominant role in the heating of the gas and that an accurate description of the reflection process is essential for accurate gas heating calculations, especially at higher current densities. FIG. 7 . Flux-energy distribution of heavy particles reaching the cathode surface; pϭ1 Torr, Vϭ312 V, jϭ1.3 mA cm Ϫ2 .
FIG. 8. ͑a͒
Power input per unit volume of the gas and ͑b͒ gas temperature as a function of distance measured from the cathode with ͑--͒ and without ͑----͒ reflected heavy particles taken into account, at pϭ1 Torr, Vϭ312 V, jϭ1.3 mA cm Ϫ2 . ͑c͒ Peak value of the gas temperature profile as a function of j/p 2 for pL ϭ1 Torr cm.
IV. SUMMARY
Self-consistent calculations of the apparent secondary coefficient ␥ for cathode-fall conditions in an abnormal argon glow discharge are reported. The simulations are based on a hybrid model incorporating gas-phase heavy-particle processes and the calculation of the gas temperature profile. The apparent ␥ is determined from the flux-energy distribution of Ar ϩ ions and fast Ar f atoms reaching the cathode surface. It is found that the apparent ␥ is determined by the reduced electric field at the cathode (E/n) c , and is basically independent of pL. For the range of the reduced current densities covered in this work (0.04 mA cm Ϫ2 Torr Ϫ2 р j/p 2 р4 mA cm Ϫ2 Torr Ϫ2 ) the apparent ␥ increases by a factor of 3. This result shows that it is advisable to calculate ␥ in discharge simulations as carried out in this work-instead of assuming any constant value for it, as done frequently.
The voltage-reduced-current-density (V-j/p 2 ) curves for the discharge are obtained for different pL values and with different modeling assumptions. Using the heavyparticle hybrid model it is shown that decreasing pL results in an increasing discharge voltage at given j/p 2 . The calculated V-j/p 2 curves show a good agreement with experimental data ͓35,36͔. The comparison of the V-j/ p 2 curves obtained with the self-consistently calculated ␥ and with a constant ␥ ͑0.06͒ show a significant difference of discharge voltage, especially at low currents (⌬VϷ100 V at j/p 2 р0.1 mA cm Ϫ2 Torr Ϫ2 ). The differences between the electrical characteristics obtained with and without gas-phase heavy-particle processes considered point out the importance of heavy-particle ionization of the gas in the cathode-fall region. It is found that at j/ p 2 Ϸ1 mA cm Ϫ2 Torr Ϫ2 the integrated ionization rate increases by Ϸ20% due to ionization by heavy particles.
Due to the absence of heavy-particle ionization processes, electron-ion hybrid models predict a higher voltage compared to that calculated with the heavy-particle hybrid model, at the same j/ p 2 and using the same ␥. This difference can be compensated by using an increased secondary emission coefficient ␥* in electron-ion hybrid models. The values of ␥* are found to exhibit a slight dependence on pL when plotted as a function of (E/n) c . The calculations show that it is important to take into account the reflection of fast heavy particles from the cathode surface. While the energy of these particles is limited due to the increasing fraction of energy deposited to the cathode, they transfer all their energy to the gas after the reflection. Thus a proper description of the reflection process may be essential for accurate simulations of discharges at higher current densities. The heating of the gas, on the other hand, is found to have relatively small influence on the electrical characteristics of the discharge, for the range of discharge conditions covered in this work.
The apparent secondary emission coefficients obtained here may be used in future electron-ion and heavy-particle models of abnormal glow discharges. It is noted, however, that the accuracy of the present results depends on the uncertainties of the energy-dependent secondary coefficients ␥ i () and ␥ a () used. These values depend sensitively on the surface conditions of the cathode material. The values used in this work correspond to ''practical'' or ''dirty'' cathode surfaces ͓16͔. On the other hand in the case of heated and well annealed surfaces, or different cathode materials ͑e.g. molybdenium͒ or different gases ͑e.g. helium, which has a higher ionization potential and consequently a different behavior of the ␥ i () and ␥ a () coefficients͒ the present results may not be directly applicable ͓38͔.
